Proton-exchange membrane fuel cells (PEMFCs) are energy converters producing electricity, heat and water from hydrogen and oxygen gases. 1, 2 This technology can be scaled up within a large range of power from a few W to hundreds of kW and operates at low temperatures (80
• C) thus allowing quick starts. It is tolerant to carbon dioxide (CO 2 ) and so can be fed by air and not only by pure oxygen (O 2 ). State-of-the-art PEMFC anodes and cathodes both require platinum (Pt) to electrocatalyze the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR), respectively. The electrocatalysts are usually Pt nanoparticles supported on high-surface area carbon ca. 3-4 nm in diameter. The support enables efficient Pt nanoparticle deposition, ionomer insertion, (liquid) water and gas flow management.
Although the initial performances of PEMFCs are now acceptable for industrial deployment, their lifetime and reliability still need to be improved to render them economically competitive with batteries and internal combustion engines. Significant performance losses are indeed observed during PEMFC operation, due to the degradation of electrode materials. For example, a loss of electrochemical surface area (ECSA) is monitored over time, which is mainly caused by migration/aggregation of Pt nanoparticles on the carbon support, 3, 4 Pt dissolution/redeposition (electrochemical Ostwald ripening) [5] [6] [7] [8] and/or catalyst support corrosion leading to detachment of Pt nanoparticles. [9] [10] [11] [12] [13] [14] The latter process, the electrochemical carbon oxidation reaction (COR), is thermodynamically favorable at potentials higher than 0.2 V vs. the reversible hydrogen electrode (RHE) according to Reaction 1: C + 2 H 2 O → CO 2 + 4 H + + 4 e − E • = 0.207 V vs. RHE [1] At temperatures below 100
• C and potential below 1.0 V vs. RHE, the COR kinetics is considered to be reasonably slow. However, rapid and significant carbon weight loss has been monitored above * Electrochemical Society Member.
z E-mail: christian.beauger@mines-paristech.fr 1.0 V vs. RHE. [9] [10] [11] The COR is more intense during start/stop or fuel starvation events, for which high potential values are reached at the cathode side (E > 1.5 V vs. RHE). [15] [16] [17] Carbon corrosion occurring at the cathode side can therefore be severe. 12 To improve the durability of PEMFC cathodes, carbon-free supports have been proposed as an alternative to carbon blacks. Among metal oxides, which are thermodynamically stable in PEMFC cathode operating conditions, tin dioxide (SnO 2 ) appears to be the most promising. [18] [19] [20] SnO 2 is a n-type semi-conductor but its electronic conductivity can be enhanced by doping with hypervalent donor elements. [21] [22] [23] Most of the dopant elements added to the SnO 2 matrix are known to inhibit particle growth and modify the material morphology. 21, 24 Nb- [25] [26] [27] [28] or Sb- 25, 26, [29] [30] [31] [32] [33] [34] [35] [36] [37] doped SnO 2 materials have already been tested as catalyst support. Pt/SnO 2 -based electrocatalysts have demonstrated high mass activity for the ORR, sometimes surpassing that of Pt/C electrocatalysts. Kakinuma et al. prepared 3.0 nm-sized Pt nanoparticles supported on Sb-doped or Nb-doped SnO 2 . 26, 31 Both the ORR mass activity and the stability of their electrocatalysts measured in rotating disk electrode (RDE) configuration were higher than that of a reference Pt/C material. The Pt nanoparticles (3.1 nm) deposited onto Ta-doped SnO 2 by Senoo et al. (Pt loading 15.8 wt%) also showed a high mass activity for the ORR and excellent durability. 38 This was ascribed to strong interactions between Pt and the SnO 2 -based support (Strong Metal Support Interactions, SMSI). [39] [40] [41] It is well established that SMSI modifies the electronic structure of Pt. 42 However, a recent study has shown that steric effects might also be the reason of the enhanced ORR kinetics (lower activation barrier). 43 A number of works have demonstrated the interest of metal oxides to support Pt nanoparticles for use at PEMFC cathodes. However, only in very few studies did the support present a texture compatible with good Pt nanoparticle deposition, ionomer insertion, and gas and water mass-transport.
The work presented here fills this gap; it is dedicated to the deposition process of Pt on Sb-doped tin dioxide aerogel (ATO aerogel). Due to their remarkable morphology and texture, carbon aerogels have F3037 already proven their ability to efficiently support catalysts for PEMFC applications. 44, 45 ATO aerogels are composed of aggregated particles forming a three-dimensional network, very similar to that of carbon aerogels. This material features a relatively high electronic conductivity (0.12 S cm −1 ), and a morphology adapted to PEMFC application, i.e. a reasonably high specific surface area of 85 m 2 g −1 (considering the skeleton density of SnO 2 ) and a bimodal pore size distribution centered on 20 nm and 45 nm. These ATO aerogel-based electrocatalysts have been characterized and their electrocatalytic activity toward oxygen reduction reaction evaluated in previous works. 29, 30 In this study, we focus on the impact of the Pt reduction route and that of thermal post-treatments on the physico-chemical and electrochemical properties of the obtained Pt/ATO electrocatalysts. The results show that the deposition process affects the Pt nanoparticle size, the surface of exposed crystallographic facets, and their crystallinity. To evaluate the most promising deposition process, an accelerated stress test (AST) mimicking start/stop cycles was performed, and the durability of Pt/ATO electrocatalysts compared with that of a reference Pt/C.
Herein, two Pt deposition methods are compared. The first one, adapted from the literature 20, 27, 33, 34, [46] [47] [48] [49] is a modified polyol route using ethylene glycol as a solvent and reducing agent (EG method). The second deposition method is an incipient wetness impregnation method of ATO with a Pt salt (H 2 PtCl 6 , 6H 2 O). The reduction is performed either in a reducing atmosphere (H 2 /N 2 5 vol.%) or under ultraviolet (UV) irradiation. The effect of thermal post-treatments in different atmospheres (oxidizing or reducing) was also investigated after UV irradiation.
Experimental
Catalyst support synthesis route.-The Sb-doped SnO 2 aerogel was synthesized by a sol-gel route described in a former work. 21 Briefly, tin (IV) isopropoxide (Alfa Aesar) and antimony (III) isopropoxide (Alfa Aesar), were mixed in water and isopropanol, using nitric acid as a catalyst. Sol-gel parameters were chosen as follows: HNO 3 /Sn = 0.072 mol/mol, H 2 O/Sn = 3.06 mol/mol and iPrOH/Sn = 119 mol/mol. The gels formed were aged at room temperature for 48 h, washed with isopropanol 3 times a day during 2 days, and then dried in supercritical CO 2 (80 bars, 40
• C). The resulting aerogels were calcined in air at 600
• C for 5 h.
Pt Deposition protocols.-Two Pt deposition methods were used in this study. In the EG method, Pt nanoparticles are synthesized in solution before deposition on the support whereas in the other one they are formed directly on the support.
In the EG method, ethylene glycol acts both as a reducing agent and a stabilizer of the formed Pt nanoparticles. 140 mg of H 2 PtCl 6 , 6 H 2 0 were dissolved in 100 mL of EG. The pH was adjusted to 10 by adding appropriate amounts of NaOH, and the solution was refluxed at 160
• C for 30 min in argon. ATO previously dispersed in 4 mL of water was then added and the pH was reduced to 2 by addition of H 2 SO 4 (Suprapur, Merck). The dispersion was left at room temperature under magnetic stirring during 24 h before filtration and copious washing with Milli-Q grade water.
In the incipient wetness impregnation method, 155 mg of ATO (dispersed in 4 mL of water) were impregnated with 10 mL of an aqueous solution of H 2 PtCl 6 , 6H 2 0 (8.2 mg mL −1 ). The dispersion was heated at 60
• C under magnetic stirring until total solvent evaporation. The resulting powder was heat-treated in air at 350
• C for 1 h. The powder was then washed with water until elimination of all chloride (Cl − ) ions from the filtrate (Cl − ions were detected from AgCl precipitation with AgNO 3 solution). The PtO colloids formed after the heat-treatment in air were then reduced by calcination in H 2 /N 2 (5 vol. %) for 3 h at 200
• C (sample I-1). Alternatively, UV irradiation was used (mercury lamp, 500 W, 6285, from Newport). Different irradiation durations were tested: 1, 3 and 5 h (samples I-2, I-3 and I-4). Lastly, different thermal post-treatments were finally evaluated to complete Pt nanoparticles reduction or crystallization: • C, 3 h) followed by annealing in air at 400
• C for 3 h (sample I-8). The reduction routes and corresponding sample names are summarized in Table I .
Characterization.-X-ray diffraction (XRD) measurements were performed using an X'Pert pro Philips diffractometer (Cu Kα,λ = 1.5405 Å). The diffractometer was operated at 45 kV and 30 mA. The data were collected in steps of 0.05
• from 20
• to 90
• in 2-θ mode with a Pixcel counter.
The distribution and dispersion of Pt nanoparticles onto the ATO support were analyzed by HRTEM (high-resolution transmission electron microscopy) or HAADF/STEM (high-angular dark-field scanning TEM) using a spherical aberration probe-corrected FEI-Themis microscope operating at 200 kV and equipped with a Super-X system (4 Silicon Drift Detectors) optimized for high-speed X-ray energydispersive spectrometry (X-EDS) measurements. For these TEM analyses, each electrocatalyst powder was dispersed in isopropanol and a drop was deposited on a lacey-carbon TEM grid.
TEM images of Pt/HSAC were acquired using a JEOL 2010 microscope operated at 200 kV.
The Pt weight fractions were determined by atomic absorption spectrometry (AAS) measurements using solutions resulting from the digestion of the electrocatalyst samples (Pt/ATO and Pt/C) in concentrated aqua regia during 20 hours. The digestion solution was centrifuged, diluted and injected into the AAS (PinAAcle 900T from Perkin Elmer) using a mixture of air and acetylene. The Pt weight fraction was calculated based on a calibration curve, obtained with standard solutions prepared from Pt single element AAS standard solution (1,000 ppm, RotiStar, Roth).
The electrochemical measurements were performed using an Autolab PGSTAT20 and a rotating disk electrode (RDE). Catalytic inks were prepared by dispersing the catalyst and Nafion in ultrapure water. Inks were formulated to obtain a constant Pt loading on the working electrode (WE). The quantity of Nafion was adjusted to obtain the same film thickness (2 mg Nafion m support −2 ) whatever the specific surface area of the supports. 80 μL of the catalytic suspension were deposited on the working electrode (glassy carbon disk, geometric area: 0.196 cm 2 ) in two steps (40 μL each) targeting a final loading of 60 μg Pt cm geom −2 . The deposits were then dried at 110
• C. The catalytic activity measurements and the durability test were conducted in two different four-electrode electrochemical glass cells, a characterization and a degradation cell. For each of them, a glassy carbon plate was used as the counter-electrode (to avoid contamination of the working electrode by metal cations resulting from its dissolution), a Reversible Hydrogen Electrode (RHE) as the reference electrode and a Pt wire connected to the reference-electrode was used to filter the high frequency electrical noise. The electrolyte was a 0. determined by coulometry of the under-potential desorption of H atoms (H upd ). The catalytic activity for the ORR was determined from CVs performed at a potential sweep rate of v = 0.005 V s −1 from 0.4 to 1.05 V vs. RHE at different rotating speeds (400, 900, 1,600 and 2,500 rpm). The mass activities for the ORR at E = 0.9 V vs. RHE were calculated from the polarization curves in the positive-going potential sweep using the Koutecky-Levich method.
Results and Discussion
The efficiency of the two deposition protocols was evaluated by considering i) the structure and the morphology of the Pt nanoparticles (XRD, HRTEM and HAADF/STEM), ii) the specific surface area (S Pt ) and iii) the electrocatalytic activity for the oxygen reduction reaction (ORR) measured in RDE configuration. The stability of the most promising Pt/ATO electrocatalysts toward AST was also evaluated.
It is noteworthy on Figure 1 that the Pt nanoparticles deposited on the ATO aerogel surface by the EG method are essentially interconnected to form filaments. HRTEM images even suggest that the filaments actually consist of individual crystallites of 2 or 3 nm in diameter. Such an arrangement was not observed after similar deposition on carbon XC72. 30 Considering the morphology described above (filament) it is not relevant to estimate the Pt nanoparticle size from the specific surface area data (the Pt nanoparticles are far from being spherical). XRD analysis confirmed the presence of Pt nanocrystallites. The Pt weight fraction estimated by AAS was 21 wt%.
The Pt nanoparticles deposited using the incipient wetness impregnation method significantly differ from those obtained following EG method. In this method, ATO was first impregnated with the Pt salt precursor solution, and the resulting dispersion was dried at 60
• C until total evaporation of the solvent. Different reduction routes were used.
After reduction in H 2 /N 2 at 200 • C for 3 h, the XRD patterns evidenced Pt (111) and Pt (200) characteristic peaks on sample I-1 at 39.1
• and 45.8
• respectively (see Figure 2 ). As already reported by Kamiuchi et al., 40 characteristic peaks of an intermetallic compound, PtSn, were also observed at 2 = 29
• , 42
• and 44
• . The authors attributed the presence of this compound to the reduction of the tin oxide phase. They also observed the formation of core-shell nanoparticles, Pt@SnO 2 , resulting from partial oxidation of the Sn atoms from the intermetallic compound. This phenomenon has also been reported for Pt/WO 3 by Micoud et al. 50 It is driven by the difference in surface energy between the MOx support and the Pt nanoparticles. During the calcination in a reducing atmosphere, sub-stoichiometric metal oxides are formed. These are highly mobile and encapsulate the Pt nanoparticles to minimize the total surface energy of the Pt/WO 3 compound. In this study, neither X-EDS Sn elemental maps nor high resolution HAADF/STEM images acquired on Pt nanoparticles lying at the edge of the SnO 2 particle (see Figure 3) provided evidence of Pt core@SnO 2 nanoparticle structure or PtSn phase formation. These analyses cannot be generalized to a lot of Pt nanoparticles due to the difficulty of detecting PtSn phase when Pt nanoparticles are superimposed to the SnO 2 support. Neither the size of the Pt nanoparticles nor their distribution was homogeneous. Some relatively large Pt nanoparticles, with a diameter of about 6 to 7 nm, were observed together with smaller ones of 1 to 2 nm in diameter. Moreover, some Pt agglomerates appeared in some regions.
As already reported, Pt nanoparticles can be deposited on MOx supports using photoreduction. 51 The hydrogen reduction step was thus replaced by UV irradiation. According to the analysis of TEM images, the duration of UV irradiation had no influence on the size distribution of the Pt nanoparticles 29 (I-2, I-3 and I-4). Whatever the irradiation time (1 h, 3 h or 5 h), Pt nanoparticles were perfectly distributed on the ATO support. A homogeneous distribution of particles with diameters around 2 nm was observed after 3 h of irradiation (sample I-3, see Figure 4a ).
Nevertheless, no characteristic peak of Pt could be detected by XRD on samples I-2 to I-4 (see Figure 2 ). This may be rationalized by considering that the Pt nanoparticles are either (i) too small to be evidenced with XRD (not likely, as similar Pt nanoparticle sizes usually lead to clear XRD patterns), (ii) amorphous, or (iii) still not reduced after 5 h of photoreduction (not likely, as TEM images provide evidence of Pt nanoparticles, see Figure 4 ). To determine which hypothesis is valid, thermal post-treatments were performed to complete the reduction and/or the crystallization of the Pt nanoparticles. These consist in thermal treatments performed in hydrogen and air (samples I-5 to I-8, Table I ).
After post-treatment in H 2 /N 2 for 1 h at 200
• C (I-5), Pt and PtSn phases were detected by XRD, as in the case of I-1 (reduction under H 2 /N 2 only). The Pt nanoparticles were still evenly distributed on the ATO surface but their size distribution was broader: particles of about 3 nm in diameter and others of less than 1 nm were observed (see Figure 4b ). This clearly indicates that the two-step reduction has an influence on both the structure and morphology of the Pt nanoparticles. They are indeed smaller than after a single reduction step in H 2 (sample I-1) and more crystalline than after a single reduction by UV irradiation (sample I-3). This kind of post-treatment is beneficial considering the foreseen application. However, the presence of PtSn intermetallic compound may influence the electrocatalytic activity for the ORR.
To avoid the formation of the PtSn phase while attempting to crystallize the Pt, calcination was performed in air (sample I-7). A temperature of 400
• C, instead of 200 • C, was chosen to preserve the support morphology (previously calcined at 600
• C for crystallization). After this treatment, still no characteristic Pt patterns could be detected (see Figure 2 , I-7). Pt nanoparticles were however clearly observed on TEM images (Figure 4c ). Their sizes were comparable to those observed after UV irradiation and calcination under H 2 /N 2 (sample I-5). Despite a higher calcination temperature (400
• C vs. 200
• C), this kind of heat-treatment in air was not efficient enough to crystallize the Pt nanoparticles.
After post-treatment in H 2 /N 2 , Pt nanoparticles were well crystallized and evenly distributed over the ATO surface, with diameters ranging from 1 to 3 nm. To re-oxidize and separate the Pt and Sn phases from the PtSn intermetallic compound, the sample was first calcined in H 2 /N 2 and then annealed in air at 400
• C for 2 h. The XRD patterns of the resulting sample (I-8) display only the characteristic peaks of metallic Pt (Figure 2, I-8 ). In addition, no significant difference in Pt particle size was observed compared to samples I-5 and I-7 ( Figure 4d ).
To conclude, from structural and morphological points of view, heat treatments performed under different atmospheres have a strong influence on the morphology and nature of Pt nanoparticles (metal or oxide, crystallized or amorphous). A promising electrocatalyst (from a materials point of view) can be obtained by UV irradiation, followed by calcination in H 2 /N 2 and annealing in air (sample I-8).
The Pt weight fraction obtained after the incipient wetness impregnation method was estimated as 19 wt% on sample I-3 by AAS. Since post-thermal treatments performed on I-3 are unlikely to modify the Pt loading of the resulting samples (I-4 to I-8), we assumed that all samples obtained from the incipient wetness impregnation method feature a similar loading (19 wt%). Figure 5 displays TEM image and the associated particle size distribution of the reference Pt/HSAC catalyst. The Pt nanoparticles are evenly distributed on the carbon support, and the mean particle size range between 3 and 4 nm.
Electrochemical measurements.-The Pt specific surface area (S Pt ) and the ORR mass activity (MA 0.9V ) at E = 0.9 V vs. RHE of different Pt/ATO aerogel samples were determined in RDE configuration and benchmarked to those of Pt/HSAC. Figure 6 compares the base CVs of Pt/ATO-EG and Pt/HSAC (Figure 6a ) and the different Pt/ATO-I samples (Figure 6b ). The corresponding Pt specific surface area (S Pt ) and ORR mass activities determined at 0.9 V vs. RHE (MA 0.9V ) are displayed in Table II. In the positive-going potential sweep, the CVs of Pt/ATO-EG electrocatalyst obtained by the polyol route and of the reference Pt/HSAC electrocatalyst feature the adsorption/desorption of under-potential deposited H (H upd ) between 0.05 < E < 0.40 V vs. RHE and the formation of surface oxides (OH/O) at 0.75 < E < 1.2 V vs. RHE (Figure 6a ). These Pt surface oxides are reduced between 1.2 > E > 0.45 V vs. RHE on the reverse potential sweep. The positive shift of the surface oxide reduction peak observed for Pt/ATO-EG relative to that of Pt/HSAC suggests that larger Pt nanoparticles are present on Pt/ATO-EG, in agreement with TEM observations and the dependence of this peak position on the Pt nanoparticle size. 52 Looking at Figure 6a, 26, 30, 38 This is usually accounted for by considering a synergy between the Pt nanoparticles and the metal oxide support (SMSI) or preferential crystalline orientation of Pt nanoparticles and particle size effects although none of these phenomena were identified in this study.
Initial performance of the different Pt/ATO aerogel electrocatalysts.-
The electrochemical signatures of the Pt/ATO-I samples strongly depend on the post-treatment (Figure 6b) .
After photoreduction (sample I-3), S Pt is very low, reaching only 6 m 2 g Pt −1 . This is consistent with the XRD observations showing the absence of Pt diffraction patterns. These results confirm that UV irradiation at 300 W for 3 hours is not sufficient to fully reduce Pt. The thermal post-treatment in H 2 /N 2 performed after UV irradiation (I-5 and I-6) is beneficial; S Pt values are indeed significantly increased, in a manner scaling with the annealing time: 1 or 3 h lead to higher S Pt , 13 and 14.5 m 2 g Pt −1 , respectively for samples I-5 and I-6. Annealing in air after UV irradiation (I-7) provided a surprisingly high S Pt value of 45 m 2 g Pt −1 . This value is almost 3 times higher than that obtained after post-treatment in H 2 /N 2 . This significant difference is probably the consequence of the weaker chemisorption of hydrogen on PtSn due to strain and ligand effects.
Sample I-8, obtained after UV irradiation, calcination in a H 2 /N 2 and annealing in air, exhibits no ORR activity. Yet its structure and morphology appear promising (metallic Pt was detected by XRD and good dispersion of Pt nanoparticles was observed by TEM). This absence of ORR activity after annealing in air may be due to the reoxidation of Sn atoms around Pt nanoparticles, or to the encapsulation of the Pt nanoparticles by Sn, restricting the access to Pt nanoparticles in both cases.
Electrocatalyst I-7 (UV irradiation + calcination in air) is the only sample from the incipient wetness impregnation method that shows a higher S Pt than Pt/ATO obtained from the EG method (45 m 2 g Pt
vs. 32 m 2 g Pt −1 ). Depending on the post-treatment, the incipient wetness impregnation method resulted in various but overall lower ORR mass activities compared to the EG method (see Table II ).
In agreement with very low S Pt values, the ORR mass activities of samples I-3 and I-8 were too low to be measured. As stated above, on the one hand a single UV irradiation (I-3) is not sufficient to reduce Pt nanoparticles, and on the other hand, annealing in air after calcination in H 2 /N 2 (I-8) probably resulted in the encapsulation of Pt nanoparticles by SnO 2 after re-oxidation of PtSn.
Although a slight difference was observed in S Pt after different calcination durations in H 2 /N 2 following UV irradiation (I-5 vs. I-6), in general the longer the calcination time, the higher the ORR mass activity. Moreover, it is noteworthy that the ORR mass activity of sample I-6 (3 h of calcination) approaches that of Pt/HSAC (22 A g Pt −1 vs. 27 A g Pt −1 ). The sample post-treated in air (I-7) features the highest S Pt and a ORR mass activity approaching that of the reference Pt/HSAC (21 A g Pt −1 vs. 27 A g Pt −1 ). Despite this much higher S Pt , its mass activity remains similar to that obtained after post-treatment in H 2 /N 2 (I-6). This can be interpreted by considering that calcination in air likely increases the Pt crystallinity level sufficiently to permit H upd , but not enough to efficiently catalyze the ORR. This is consistent with the XRD patterns, in which no crystalline Pt could be detected on the samples (see Figure 2) . Thermal post-treatment is necessary to activate Pt nanoparticles after photoreduction. Calcination in H 2 /N 2 (200 • C, 3 h) or air (400 • C, 2 h) resulted in similar ORR mass-activity, the latter showing a much higher S Pt value.
To summarize, different Pt/ATO aerogel electrocatalysts were synthesized and electrochemically characterized using the RDE technique. The highest Pt specific surface area (S Pt ) was obtained with the incipient wetness impregnation method, after UV irradiation and post-treatment in air (I-7), while the highest ORR mass activity was obtained with the EG method. The latter even exceeds that of the commercial carbon-based electrocatalyst taken as reference (Pt/HSAC).
Durability.-Owing to its better ORR activity, Pt/ATO-EG was selected for durability tests. The accelerated stress test (AST) performed was composed of 5,000 potential cycles with a square-wave profile between 1.0 and 1.5 V vs. RHE (holding time of t = 3 s at each potential, T = 80
• C). This AST mimics the potential values experienced by a PEMFC cathode electrocatalyst during start/stop of the PEMFC system or fuel-starvation events. The temperature chosen for the AST was 80
• C, since it mimics the changes in morphology and surface reactivity occurring on Pt nanoparticles in a real PEMFC environment, as recently shown in Ref. 53 . The AST and the electrochemical characterizations (base CVs and ORR polarization curves) were performed in two different electrochemical cells: this procedure guarantees the determination of the true ORR kinetics without any adverse interference of metallic ions, which could be released during the AST. 54 The electrolyte composition was not changed in the AST cell, but replaced with fresh electrolyte for each intermediate characterization in the "characterization" cell. For the sake of reproducibility, the measurements were performed three times on each catalyst (the error bars represent the standard deviation).
The intermediate CVs recorded during the AST are displayed in Figure 7 . The homothetic depreciation of the coulometry required to adsorb/desorb H upd and form surface oxides on the Pt/HSAC electrocatalyst clearly suggests that most of the initial ECSA was lost. The pseudo-capacitance of the electrode did not vary significantly during the AST potential cycles, thereby suggesting that the Pt nanoparticles simply detached from the HSAC support, in agreement with former findings on the same catalyst.
14 On Pt/ATO, the variations of the base CVs and ORR polarization curves were smaller. Figure 7a illustrates the loss of S Pt on Pt/HSAC: (i) the ORR polarization curve shifted toward more negative electrode potential and (ii) the diffusion-limited current decreased. In agreement with model studies on Pt/C by Ruvinskiy et al. 55 and Dong et al. 56 these changes reflect the decreased density of O 2 adsorption sites in the electrode.
The variations in Pt specific surface area, relative to the initial value recorded for Pt/HSAC, are monitored against the number of potential cycles in Figure 8a . After 5,000 potential cycles between 1.0 and 1.5 V vs. RHE, 75% of the initial S Pt was lost for the Pt/HSAC electrocatalyst. Meanwhile, the initial S Pt decreased by only 33% on Pt/ATO-EG. Hence, despite a lower S Pt value at the beginning of the test (most likely resulting from the presence of filaments, see Figure 1) , Pt/ATO-EG is more robust in experimental conditions critical to carbon supports. The advantage in Pt specific surface area also prevails in terms of electrocatalytic activity for the ORR: both the initial and the long-term ORR specific activities are slightly larger on the Pt/ATO-EG electrocatalyst than on the reference Pt/HSAC electrocatalyst. Because of the smaller Pt specific surface area, both materials performed identically in terms of ORR mass activity, in agreement with our former findings. 30 However, due to the pronounced detachment of Pt nanoparticles from the HSAC support, the electrocatalytic advantage of Pt/ATO-EG was enhanced after the AST. After 5,000 potential cycles between 1.0 and 1.5 V vs. RHE, the Pt/ATO-EG electrocatalyst achieved 1.5-fold and 3-fold enhancement over the reference Pt/HSAC electrocatalyst, in specific and mass activity for the ORR, respectively. These improved ORR performances coupled to the apparent resistance to electrochemical corrosion (S Pt was maintained) are in line with former literature findings [18] [19] [20] 37 and confirm that Pt/ATO-EG is a promising alternative to Pt/HSAC for operation at a PEMFC cathode.
Conclusions
In conclusion, ATO aerogel-based electrocatalysts were prepared using two Pt nanoparticle deposition methods starting from the same Pt salt precursor (H 2 PtCl 6 ). The first one, labeled EG, is based on a chemical reduction route using ethylene glycol as a solvent and reducing agent, the second one, labeled I, uses UV irradiation to reduce Pt after ATO impregnation with the Pt precursor, followed by different thermal post-treatments.
Electrocatalysts from the EG method exhibit crystalline Pt nanoparticles, 2-3 nm in size, arranged in the form of filaments composed of agglomerated nanoparticles. The Pt specific surface area reaches 32 m 2 g Pt −1 , about half of that measured for the Pt/HSAC taken as reference (S Pt = 72 m 2 g Pt −1 ). Despite this difference, a higher mass activity for the ORR was measured for the Pt/ATO electrocatalyst compared to the Pt/HSAC electrocatalyst (32 A g Pt −1 vs. 27 A g Pt −1 , respectively). The electrocatalysts prepared with the incipient wetness impregnation method led, after the UV irradiation step, to Pt nanoparticles ca. 2-3 nm in size, perfectly distributed on the surface of the support. However, no peak characteristic of crystalline Pt was detected by X-ray diffraction.
Reduction by heat-treatment under a reducing atmosphere (H 2 /N 2 ) led to crystalline Pt nanoparticles, which were however too large (7-8 nm) for the foreseen application; these nanoparticles also present evidence of the formation of a PtSn intermetallic compound (and/or encapsulation of the Pt nanoparticles by Sn) that is detrimental to electrocatalysis.
The influence of thermal post-treatments after the UV irradiation, under either a reducing or an oxidizing atmosphere was also investigated. Whatever the nature of the thermal treatment, few differences were observed in terms of particle size and distribution on the ATO surface. However, thermal treatments have an important influence on the nanoparticles' structure. After a heat-treatment in a reducing atmosphere, an intermetallic compound PtSn was detected. This compound is re-oxidized after annealing in an oxidizing atmosphere.
After a single photoreduction step, no electrocatalytic activity for the ORR was monitored. This is probably due to the poor crystallinity of the Pt nanoparticles.
Although the largest Pt specific surface area was obtained when a calcination step in oxidizing atmosphere followed the photoreduction step (S Pt = 45 m 2 g Pt −1 ), the highest ORR mass activity was obtained after calcining the UV irradiated Pt/ATO in a reducing atmosphere (MA 0.9V = 22 A g Pt −1 ). These results suggest that, despite improved Pt specific surface area, Pt was not crystalline enough after calcination in an oxidizing atmosphere to efficiently catalyze the ORR. The best mass activity for the ORR obtained after the incipient wetness impregnation method was therefore still lower than for samples prepared by the EG method or the reference Pt/HSAC. We postulate that this is due to incomplete crystallization/reduction of the Pt salt precursor.
Among the samples compared in this study, Pt/ATO obtained by the EG method possessed the best ORR mass activity. The durability of this electrocatalyst was measured at 80
• C by applying up to 5,000 potential cycles between 1.0 and 1.5 V vs. RHE. In these conditions, Pt/ATO was much more stable than Pt/HSAC: the carbon-based electrocatalyst lost 50% of its initial mass activity for the ORR, whereas that of Pt/ATO increased by 25%. In consequence, ATO aerogels prove to be credible alternatives to high-surface area carbon blacks for application at a PEMFC cathode. Further work will now be dedicated to their evaluation in a membrane electrode assembly in real-life PEMFC operating conditions.
